ABSTRACT. Recently, several case studies have demonstrated the presence of human radiocarbon dietary reservoir effects in inland contexts. Freshwater reservoir effects present a high degree of variability, making it difficult to define local reservoir effect reference values necessary for correcting chronologies based on 14 C dating of human bone material. Here, we investigate the hypothesis that 14 C ages of edible freshwater species are delimited by the 14 C ages of the main water carbon pools (DIC, POC, and DOC).
INTRODUCTION
Radiocarbon dating is the method most widely used within archaeology to establish absolute chronologies, often relying on the dating of human bone material. Humans obtain their carbon via their food; as a result, the 14 C concentration in their bodies reflects the 14 C concentration of the plants and/or animals they eat. If some of the food consumed has a 14 C concentration different from that of the atmosphere, that is, a reservoir age, humans will also show a diet-related reservoir age and generally be 14 C dated too old. The reservoir effect, defined as the 14 C age offset between the aquatic and atmospheric reservoir, is referred to as the marine reservoir effect (MRE) when considering the ocean, and the freshwater reservoir effect (FRE) for freshwater aquatic reservoirs (Ascough et al. 2004 (Ascough et al. , 2010 . A MRE average reference value, or global marine reservoir effect, of 400 yr is usually applied to correct 14 C measurements from marine samples, which is then corrected for local variations both in time and space (Gordon and Harkness 1992; Ascough et al. 2004) . Freshwater reservoir ages depend on many parameters, such as rainfall, topography, vegetation, presence of carbonates in the geological background, residence times of groundwater, and glacier meltdown (Olsson 1980; Landmeyer and Stone 1995; Lanting and van der Plicht 1998; Geyh 2000; Levin and Hesshaimer 2000; Hall and Henderson 2001; Ascough et al. 2010) . Together, these factors determine the mixing of carbon compounds of different origin, age, and isotopic composition. Thus, freshwater reservoir ages are highly variable in space and time, and may reach much larger 14 C offsets than marine reservoirs, often of several thousands of years (Geyh et al. 1998; Geyh 2000; Hall and Henderson 2001; Zhou et al. 2009; Ascough et al. 2010 ).
hundreds of years older than well-established reference dates. Estimates on the human intake of aquatic foods generally rely on isotopic measurements on bone collagen, usually  13 C and  15 N. In the case of a possible marine diet, the  13 C collagen signal provides a distinction between marine and terrestrial (C 3 ) food groups (Schoeninger et al. 1983) . Simple linear models have been developed to quantify the contribution of marine protein through measurement of  13 C collagen values which are compared with marine and terrestrial isotopic end-members (Arneborg et al. 2000; Dewar and Pfeiffer 2010) . In freshwater contexts, the  13 C values of aquatic food sources are more varied, often overlapping with terrestrial sources. The measurement of  15 N in collagen provides an alternative dietary proxy. There is a general relationship between higher  15 N values and higher trophic levels in food chains. Aquatic food chains generally have a higher number of intermediate trophic levels, when compared with terrestrial food chains. This results in typically higher  15 N values for potential aquatic food groups (Schoeninger and DeNiro 1984; Post 2002; Hedges and Reynard 2007) .
Assuming that estimates on the human intake of aquatic foods are accurate, it is also necessary to establish the reservoir age of the foods. This may represent a difficult problem, as recent results have demonstrated that reservoir ages of edible freshwater species can be very variable, even when these are collected within a small area of the same water course and within a short timespan (Fischer et al. 2007; Ascough et al. 2011; Fernandes et al. 2012b; Keaveney and Reimer 2012; Philippsen 2012) . Freshwater food webs can have a high complexity with large interspecies-and in some cases, also intraspecies-differences in dietary preferences. This implies that, in order to define the possible range of reservoir ages in aquatic species, it is necessary to characterize the 14 C ages of the main carbon pools at the base of the food web. These are represented by the dissolved inorganic carbon (DIC), particulate organic matter (POC), and dissolved organic matter (DOC). Some aquatic species might also have a terrestrial component in their diet. DIC occurs in ionic form as bicarbonate, carbonate, carbonic acid, or as dissolved gaseous carbon dioxide (Hope et al. 1994) ; the predominant fraction being determined by the pH regime. The amount of CO 2 dissolved in the water depends, assuming equilibrium with the atmosphere, on its partial pressure, which is determined by uptake from the atmosphere, photosynthesis, and from the oxidation of organic matter (Drimmie et al. 1991; McNichol et al. 1994; Geyh 2000) . Photosynthetic aquatic plants and algae acquire their carbon both from water dissolved carbon dioxide and bicarbonate (Smith and Walker 1980; Maberly and Spence 1983) . Aquatic organic carbon may originate from terrestrial, including anthropogenic, sources (allochthonous), or be produced in situ as in the case of phytoplankton (autochthonous; Hope et al. 1994) . Here, we follow a classification of organic matter based on particle size (Hope et al. 1994) . POC corresponds to a particle size between 1 mm and 0.45 µm and includes a mixture of different carbon sources (e.g. phytoplankton, zooplankton, bacteria, detritus; Poulain et al. 2010) . DOC corresponds to a particle size smaller than 0.45 µm (e.g. humic acids, fulvic acids, fatty acids, hydrocarbons; Hope et al. 1994 ).
The objective of the research presented here was to test the hypothesis that the 14 C concentrations of selected faunal species would be constrained within the 14 C concentrations of aquatic carbon pools (POC, DOC, and DIC). Samples were collected from lakes Schwerin and Ostorf, in the vicinity of a prehistoric cemetery, where the existence of human dietary reservoir effects has been demonstrated (Olsen et al. 2010) . All collected samples were 14 C dated and, in some instances, isotopic measurements ( 13 C and  15 N) were done to help in the interpretation of 14 C results.
ENVIRONMENTAL DESCRIPTION OF STUDY AREA
Lake Schwerin (area ~62 km 2 , maximum depth ~52 m), situated immediately to the east of the city of Schwerin, is part of the Mecklenburg Lake District, a large and complex lake system located mostly within the central and southern part of the state of Mecklenburg-Vorpommern, Germany (Figure 1 ). The lake is divided into 2 major water bodies, the Outer Lake to the north and the Inner Lake to the south, with a narrow connection (Figure 1 ). The surrounding area is dotted with several smaller lakes, including Lake Ostorf (area ~1.3 km 2 ), ~1.5 km southwest of Lake Schwerin.
The geology of the region is characterized by deep alternating deposits of sandy sediments and till layers, including carbonate rocks, deposited in ice advance and retreat events during the Weichselian glaciation (Katzung 2004; Krienke and Obst 2011) . Lake Schwerin is a tongue-like basin surrounded by ground moraine relief and deposits and bounded to the south by a terminal moraine (Hübner et al. 1979; Katzung 2004; Krienke and Obst 2011) .
The water of Lake Schwerin has an average turnover period of 11 yr. Major outflows are the channelized rivers Wallensteingraben to the north and the Stör at the southern tip. Major sources of water inflow into Lake Schwerin are groundwater and the small Aubach River (Nixdorf et al. 2004 ). Lake Schwerin is an eutrophic lake with high levels of nutrients, phosphorus, and nitrogen, resulting from farming activities that occupy 48% of the surrounding area (Nixdorf et al. 2004) . The lake contains a variety of algae, phytoplankton, zooplankton, mollusks, and fish species (Nixdorf et al. 2004; Mehner et al. 2005) .
MATERIAL
All samples were collected within a 24-hr period in September 2011. Fish specimens (bream, eel, and pike) were fished from the Inner Lake of Lake Schwerin. Zebra mussel, water plant, and algae samples were collected from a shore location (533632.33N, 11285.90E) in the Inner Lake (Figure 1) . A single specimen of live zebra mussel was collected from a shore location (533619.09N, 112457.92E) at Lake Ostorf (Figure 1 ).
METHODS
To remove adhering dust and detrital carbonate as well as organic surface coating, bivalve wholehalf shell samples were first cleaned with 30% H 2 O 2 in an ultrasonic bath, followed by a second cleaning step with 15% H 2 O 2 in an ultrasonic bath. Shell samples were milled into a fine powder and 2 aliquots were collected for 14 C and  13 C analysis. Sample CO 2 for 14 C dating was liberated with 100% H 3 PO 4 at 90 C. The CO 2 was collected in a sample bottle using liquid nitrogen.
Carbon isotopic composition ( 13 C) of bivalve shells was measured at the Leibniz Laboratory for Radiometric Dating and Isotope Research (Kiel, Germany). Individual powder samples of bivalve carbonate were acidified in 100% H 3 PO 4 at a constant 75 C using an automated Kiel I (prototype) carbonate preparation device coupled to a Finnigan MAT 251 mass spectrometer. Replicate analyses of standards yielded a precision better than 0.05‰ for internal laboratory and NBS-19 (National Institute of Standards and Technology, NIST SRM 8544) standards.
Isotopic measurements on bivalve and fish flesh were performed at the stable isotope laboratory of the Max-Planck-Institute for Evolutionary Anthropology (Leipzig, Germany). Stable isotope analysis and concentration measurements of carbon and nitrogen were performed with a Delta XP (ThermoFinnigan, Bremen, Germany) isotope ratio mass spectrometer (IRMS), coupled to a Flash elemental analyzer. Stable isotope ratios are expressed in the conventional delta notation ( 13 C and  15 N) relative to the standards VPDB (Vienna PeeDee belemnite standard) and AIR (atmospheric nitrogen). Precision was better than ±0.2‰.
Water samples for water DIC analysis were carefully collected to prevent splashing that could result in CO 2 losses/fractionation or atmospheric exchange. The samples were poisoned with a mercury chloride solution (0.2 mL HgCl 2 per 100 mL water) to stop bacterial activity and algae growth. A clean glass container was fully filled and sealed with a cap coated with Apiezon grease and covered with PVC tape. Water samples were transferred to precleaned crimp sample bottles and attached to the Kiel DICI II Device operated online with a Finnigan Delta E dual-inlet gas IRMS (Erlenkeuser et al. 2003) . Water samples were acidified by adding 30% H 3 PO 4 and the CO 2 was flushed off with N 2 . The working gas was calibrated against the NBS 19 standard. Standard error of the analytical procedure is better than 0.08‰.
The water sample (~3 L) collected for DOC/POC analysis was acidified to pH 1 to dissolve carbonates and stored at 4 C in the dark prior to further treatment. The sample was filtered through suction using a water jet pump, first using a 1-mm quartz filter to remove larger fractions. It was filtered again with a precombusted silver filter (900 C) to obtain water POC (0.45 µm and <1 mm) and DOC (<0.45 µm) fractions. Freeze-dried fish, mussel flesh, POC, and DOC samples were flamesealed in quartz tubes together with copper oxide and silver and heated to 900 C for combustion.
Sample CO 2 was reduced to graphite with H 2 at 600 C over 2 mg of an iron catalyst. The iron/carbon mixture was pressed as a pellet into a target holder for accelerator mass spectrometry (AMS) measurement in a 3MV Tandetron from High Voltage Engineering Europa (HVEE) equipped with a cesium sputter ion source and a separator/recombinator for simultaneous injection of the 3 isotopic carbon beams (Nadeau et al. 1997 (Nadeau et al. , 1998 . The 14 C concentration of the sample was measured by comparing the simultaneously collected 14 C, 13 C, and 12 C beams from each sample with those of the oxalic acid II standard. For determination of the measurement uncertainty, both the counting statistics of the 14 C measurement and the variability of the 8-12 interval results that, together, make up 1 measurement are observed and the larger of the two is adopted as the measuring uncertainty (Nadeau et al. 1998 (Nadeau et al. , 2001 ).
For POC, DOC, water plant, and algae,  13 C values were determined using the AMS system with a precision better than 0.4‰ and an accuracy of ~1‰, thus lacking the accuracy of IRMS determined values.
RESULTS AND DISCUSSION
14 C and isotopic results for lakes Schwerin and Ostorf are shown in Table 1 ; the results for Lake Schwerin are also shown in Figure 2 . The results demonstrate large freshwater reservoir effects in the study area. In the case of Lake Schwerin, faunal species present a wide range in 14 C ages, from 190 ± 30 yr for bream (KIA-46305) up to 625 ± 25 yr for the smaller eel (KIA-46307). However, this contrasts with the other 14 C measurements on faunal and floral material from Lake Schwerin, which all present similar 14 C concentrations. In Lake Ostorf, in spite of its close proximity to Lake Schwerin, the 14 C ages for the single zebra mussel specimen (KIA-46311), both in the flesh (1120 ± 20 yr) and shell (1060 ± 30 yr), are significantly larger than those observed in Lake Schwerin.
The 14 C results are consistent with archaeological results that demonstrated the existence of large human dietary reservoir effects in prehistoric populations (Olsen et al. 2010) . Furthermore, since measured reservoir ages need to be corrected for the atmospheric 14 C concentration at the time of collection, estimated at ~104 pMC for 2011 (I Levin, personal communication) or ~320 yr, this leads to apparent 14 C flesh ages up to ~945 yr for Lake Schwerin and ~1440 yr for Lake Ostorf. However, reservoir effects may have differed in the past given not only anthropogenic influences but also climatic, geological, and hydrological changes. Here, we do not investigate large-scale temporal changes of local reservoir effects, but try to understand, for a limited time period, how specimen 14 C concentration differences are associated with the food web structure. Within aquatic ecosystems, there are 2 major categories of food chains: grazing and detritus (Attayde and Ripa 2008) . Detritus refers to non-living organic matter and constitutes the major component of POC (Pomeroy 1980) . However, the principal contributor to non-living organic matter is DOC, which is consumed by bacteria and fungi (Mann 1988; Wetzel 1995) . Detritivores and decomposers include certain filter feeders (e.g. mussels), lower trophic level zooplankton, and invertebrates such as insect larvae (e.g. chironomid larvae; Ladle et al. 1972; Armitage et al. 1995) . These species are consumed by higher trophic level species such as carnivorous zooplankton and planktivores (e.g. small fishes), which are then in turn consumed by larger piscivores. In a grazing or benthic food chain, primary producers (e.g. phytoplankton and aquatic plants) are consumed by primary consumers or herbivores, which in turn are consumed by secondary consumers or primary carnivores (Havens and East 1997) .
The grazing and detritus food chains categories represent 2 ideal extremes. In real freshwater environments, there are couplings between the 2 categories forming complex food webs where aquatic resources are explored using generalist or specialist strategies (Attayde and Ripa 2008) . 14 C results for Lake Schwerin suggest clearly separated grazing and detritus food chains (Figure 2 ). 14 C ages of water plant (KIA-46305), algae (KIA-46309), zebra mussel (KIA-46310), bream (KIA-46305), pike (KIA-46304), and the larger eel (KIA-46306) are similar to the 14 C age of water DIC (KIA-45882) at 240 ± 25 yr. In contrast, the smaller eel (KIA-46307) has a 14 C age within 1 of water POC (KIA-45882) at 620 ± 30 yr. These results require a careful discussion of individual specimens and samples.
Water plant, zebra mussel, larger eel, bream, and pike have 14 C ages within a 1 range of the 14 C age of water DIC. The algae 14 C age is outside the 1 range; however, there were observable difficulties in separating algae from small organic particles during sample pretreatment. Thus, the older algae 14 C age is most likely due to the presence of POC in the sample. Furthermore, zebra mussels are (Baker et al. 1998 ) and the agreement of zebra mussel 14 C ages with those of water DIC and water plant suggest that indeed algae were contaminated by POC.
Bivalves are filter feeders and may obtain their food from phytoplankton, bacteria, POC, and DOC. Metabolic carbon is used to synthesize bivalve flesh (Bayne et al. 1993; Cranford and Hill 1999; Vaughn and Hakenkamp 2001; Vuorio et al. 2007; Poulain et al. 2010) . Bivalve shells derive their carbon primarily from the water dissolved inorganic carbon (DIC), although in some species a significant portion of shell carbon may also be derived from metabolic carbon (Gillikin et al. 2006 (Gillikin et al. , 2009 Franck et al. 2010; Poulain et al. 2010) . The good agreement between Lake Schwerin's zebra mussel shell and flesh 14 C dates indicates that the specimen did not uptake significant amounts of DOC or POC, in contrast with other literature examples (Roditi et al. 2000; Fernandes et al. 2012b) . This is probably due to the high eutrophication level of Lake Schwerin and the availability of abundant phytoplankton biomass. The length of the zebra mussel shell (2 cm) indicates that it had reached adulthood and that the part of the shell sampled most likely corresponds to several growth seasons (Allen et al. 1999) . Thus, the agreement of 14 C concentrations of zebra mussel shell with its flesh and that of adult fish specimens indicates that potentially different flesh turnover rates (Weidel et al. 2011) are not readily visible. This could suggest that the water DIC values are relatively constant both spatially and temporally with the latter, which is supported by the long average water turnover period of the lake (11 yr). However, a similar previous study on Lake Superior exhibited some spatial and seasonal variations of water DIC 14 C concentrations (Zigah et al. 2012) . Therefore, it is necessary to consider the hypothesis that the selected sampling area and period coincidentally provided a water DIC 14 C concentration similar to the seasonal and spatial average.
Bream is a member of the Cyprinidae family, which includes carps and minnows. Breams are generalist feeders and can, for instance, feed on plants, invertebrates, and bivalves (Lammens et al. 1992; Nagelkerke and Sibbing 1996; Tierney et al. 1999 ). The  15 N value for bream flesh (11.5‰) is ~3‰ above that of zebra mussel flesh (8.1‰) taken as baseline for pelagic consumption. This represents 1 trophic level difference (Post 2002). However, the flesh  13 C value of bream (-19.7‰), when considering a trophic level enrichment of ~1‰ (Fry and Sherr 1984) , would suggest that zebra mussels with a considerably more negative  13 C value (-27.1‰) did not represent a significant contribution to the specimen diet. Breams may also supplement their diet with terrestrial insects (Kennedy and Fitzmaurice 1968) . This could explain the slightly younger 14 C age of bream flesh when compared with the pike or the larger eel.
Pike is a predator that feeds on smaller fishes, but may also feed on crustaceans or insects (Frost 1954; Lorenzoni et al. 2002) . The  15 N value for pike flesh (13.2‰) is not greatly elevated when compared with that of bream (11.5‰), representing half a trophic level difference. This specimen might thus also have consumed a significant amount of invertebrates (Beaudoin et al. 1999; Venturelli and Tonn 2005) .
Eel populations are often made up of individual specialists (Barak and Mason 1992; Harrod et al. 2005; Harrod and Grey 2006) . They are also relevant for the human dietary reservoir effect as they represented an important food source in prehistoric northern Europe (Robson et al. 2012) . Eels usually become more piscivorous as they grow, and some studies have shown a correlation between eel size and  15 N values (Dörner and Benndorf 2003; Harrod and Grey 2006; Robson et al. 2012) . However, in our study, the smaller eel has a  15 N value (17.0‰) over 1 trophic level higher than the larger eel (12.8‰). The  15 N value of the larger eel is similar to that of the pike, placing them at a similar trophic level. However, the larger eel has a higher  13 C value (-14.7‰) when compared with the pike (-19.7‰ ). This could be the result of feeding in a different location (e.g. littoral) or a specialization in herbivores feeding on floral species that have higher  13 C values, such as those observed for the water plant specimen (-16.3‰) . The 14 C results for the smaller (625 ± 25 yr) and the larger eel (260 ± 25 yr) show a clear difference. While the value for the smaller eel is similar to that of the water POC (620 ± 30 yr), the larger eel shows a 14 C value similar to that of the water DIC (240 ± 25 yr). This clearly suggests that the larger eel is part of a grazing food chain while the smaller eel is specializing on planktivorous organisms. Previous studies show that it is unlikely that the smaller eel was directly consuming zooplankton; however, eels may consume large amounts of small planktivorous crustaceans (e.g. Asellus) or carnivorous insect larvae (e.g chironomids; Lammens et al. 1985; Barak and Mason 1992) . The presence of these species in Lake Schwerin has been attested (Nixdorf et al. 2004) . Furthermore, high  15 N values in zooplankton may occur due to the multiple trophic levels within a microbial loop (Hessen et al. 1990) , in which case zooplankton  15 N values may even exceed those of higher trophic level species within a grazing food chain. This is observed, for instance, in another freshwater lake, Lough Erne (UK), where mixed zooplankton species have higher  15 N values than carnivorous fish (Maguire and Grey 2006; Keaveney and Reimer 2012) . Thus, the larger  15 N value of the smaller eel, when compared with the larger eel, is consistent with the smaller eel being part of a detritus food chain, including POC, while the larger eel is part of a grazing food chain.
The 14 C age of DOC (730 ± 20 yr) at Lake Schwerin is significantly older than that of POC (620 ± 30 yr). Given the agreement of 14 C ages for both the grazing and the detritus food chains with those of DIC and POC, respectively, there is no clear evidence that DOC constituted a major nutrient contributor to Lake Schwerin's food web.
The 14 C dates from the single specimen of zebra mussel from Lake Ostorf are considerably older than those at Lake Schwerin. This was not anticipated given the proximity of both lakes. Comparing isotopic results from the zebra mussel specimens in lakes Schwerin and Ostorf, significant differences are also noticeable. Although the  13 C values of flesh are similar in both specimens, the  15 N value of the Ostorf specimen (14.6‰) is considerably higher than the Schwerin specimen (8.1‰). Significant variations in  15 N values of primary producers have been observed in lakes located in close proximity, reflecting differences in catchment area and nutrient source (Vander Zanden et al. 2005) . Elevated  15 N values are typically associated with farming sources. In the near vicinity of Lake Ostorf, there is a large farmed peat area towards the southeast. The more negative zebra mussel shell  13 C value from Lake Ostorf (-7.5‰), when compared with the value from the Lake Schwerin specimen (-3.6‰), reflects a higher carbonate contribution from the oxidation of organic material, probably allochthonous. Furthermore, the presence of significantly 14 C-depleted organic matter is also suggested by the 14 C age difference between the Ostorf zebra mussel flesh (1120 ± 20 yr) and shell (1060 ± 30 yr), showing, in contrast with Lake Schwerin, the contribution of metabolic DOC towards zebra mussel flesh (Roditi et al. 2000) .
The 14 C results from lakes Schwerin and Ostorf have important consequences for the identification and correction of human dietary reservoir effects. The observation of 2 14 C distributions at Lake Schwerin suggests that local reservoir effects could be represented by a bimodal distribution. However, some caution should be taken as previous studies have demonstrated a wider span of variability from freshwater contexts, even within the same species (Fischer et al. 2007; Keaveney and Reimer 2012; Fernandes et al. 2012b) . A larger fish sample set from Lake Schwerin could reveal a wider distribution of 14 C ages, reflecting different dietary preferences among or within species.
Likely differences in individual human dietary preferences, for instance in preferred aquatic species or fishing location, imply that human dietary reservoir effects from freshwater contexts are particularly difficult to predict. These aspects, and variations in fish isotopic values, combine to offer a par-ticularly complex framework. This contributes to explain why, in the prehistoric individuals from the Ostorf burial, there was no clear relationship between the elevated  15 N collagen values and individual reservoir effects (Olsen et al. 2010) . Additionally, likely past variations in local reservoir effects, associated with varying environmental conditions, have to be considered. Therefore, great caution has to be taken in the determination of local freshwater reservoir effects aiming at human dietary reservoir effect correction.
CONCLUSIONS
14 C measurements on fish and mussels samples from lakes Schwerin and Ostorf demonstrated the presence of large and variable freshwater reservoir effects in this region. These results are consistent with previous 14 C and archaeological research that showed the existence of large human dietary reservoir effects at the prehistoric burial site of Ostorf.
The distribution of 14 C measurements on faunal and floral samples from Lake Schwerin was constrained within the 14 C concentrations of water DIC and POC, confirming the working hypothesis. The clustering of 14 C results suggests the identification of clearly separated grazing and detritus food chains.
The large reservoir effect differences between lakes Schwerin and Ostorf, in spite of their close proximity, highlight the difficulties in establishing a single reference reservoir effect in freshwater contexts. Such large spatial variability, combined with the contrasting 14 C concentrations for different food groups at Lake Schwerin, the isotopic variability in fish species, and likely temporal variations, constitute important challenges to the establishment of chronologies relying on the 14 C dating of local human bone material.
